Weanling male rats were fed a riboflavin deficient diet for 5 weeks and enlargement of the liver mitochondria and discontinuity of the outer membrane were observed. The content of phospholipids was slightly increased in the deficient mitochondria, and decrease in phosphatidyl choline and increase in phosphatidylethanolamine were shown re spectively. In comparison with the mitochondria , the content and distribution of phospholipids in microsomes were not affected . The fatty acid composition of phosphatidylcholine in mitochondria and microsomes was remarkably altered by the deficiency, and increases in palmitic and linoleic acids and decrease in arachidonic acid were demonstrated . The incorporation of 32P into diphosphatidylglycerol in mitochondria was reduced by the deficiency. The incorporation into other phospholipids was not significantly altered, whereas the incorporation into the subspecies of phosphatidylcholine was variously affected. By the intraperitoneal injection of riboflavin to the deficient rats , normalization of the mitochondria) size and fatty acid composition of liver mitochondrial lipids was observed. However, decreased incorporation of 32P into diphosphatidylglycerol in mitochondria was not recovered completely at 40 hours after the injection , and in the mitochondrial lipids linoleic acid was higher and arachidonic acid was lower than respective controls at 60 hours.
Summary
Weanling male rats were fed a riboflavin deficient diet for 5 weeks and enlargement of the liver mitochondria and discontinuity of the outer membrane were observed. The content of phospholipids was slightly increased in the deficient mitochondria, and decrease in phosphatidyl choline and increase in phosphatidylethanolamine were shown re spectively. In comparison with the mitochondria , the content and distribution of phospholipids in microsomes were not affected . The fatty acid composition of phosphatidylcholine in mitochondria and microsomes was remarkably altered by the deficiency, and increases in palmitic and linoleic acids and decrease in arachidonic acid were demonstrated . The incorporation of 32P into diphosphatidylglycerol in mitochondria was reduced by the deficiency. The incorporation into other phospholipids was not significantly altered, whereas the incorporation into the subspecies of phosphatidylcholine was variously affected. By the intraperitoneal injection of riboflavin to the deficient rats , normalization of the mitochondria) size and fatty acid composition of liver mitochondrial lipids was observed. However, decreased incorporation of 32P into diphosphatidylglycerol in mitochondria was not recovered completely at 40 hours after the injection , and in the mitochondrial lipids linoleic acid was higher and arachidonic acid was lower than respective controls at 60 hours.
Riboflavin deficiency is accompanied by decrease in flavin enzymes , resulting in degeneration of energy production. In addition to the decline in rate of respiration , changes of intracellular microstructure of the livers were revealed in the riboflavin deficient rats (1) or mice (2) (3) . It was reported in our earlier paper that riboflavin deficiency exerted effects upon fatty acid composition of rat liver lipids and decrease in arachidonic acid and increase in linoleic acid were observed (4) .
In the present paper, changes in the structure and lipids of the liver mitochondria were studied in riboflavin-deficient rats. Hence arachidonic acid is a predominant constituent of phospholipids in mitochondria) membrane, it was presumed that decrease in arachidonic acid would affect the membrane structure of the mitochondria.
Weanling rats were fed a riboflavin-deficient diet for 5 weeks, and enlargement of the liver mitochondria, diminution of the inner membrane profiles and discontinuity of the outer membrane were revealed by electron microscopy as reported previously by others (1) (2) (3) . Fatty acid composition of the liver mitochondria was remarkably altered and incorporation of 32P into the respective subspecies of phosphatidylcholine of the mitochondria was variably changed by the deficiency, whereas the content of phospholipids in the mitochondria was slightly altered. The incorporation of 32P into diphosphatidylglycerol diminished in the liver mitochondria of the deficient rats.
The exchange of phospholipids between mitochondria and microsomes was reported by WIRTZ and ZILVERSMIT (5) and MCMURRAY and DAWSON (6) , therefore the microsomal lipids of the riboflavin-deficient rat liver were studied simul taneously with determination of mitochondrial lipids. The alterations in fatty acid composition of phospholipids and incorporation of 32P into the subspecies of phosphatidylcholine were found in microsomes as well as in mitochondria. EXPERIMENTAL 1. Animals. Twenty weanling male rats, Wistar-King strain, 21-days-old were fed a riboflavin-free basal diet and maintained for 5 weeks as reported previously (4).3 As the control, 10 rats were fed the diet to which 20mg of riboflavin per kg of the basal diet had been added. The experiments were performed three times. Observations of electron microscopy and analysis of lipids were repeated twice and results of the lipid analysis were shown as average of the two experiments. Incorporation of 32P and analysis of subfractions of phospholipids were carried out with the third experiment. In each experiment, rats were taken at random from the deficient and control groups.
For the recovery experiment, riboflavin was dissolved in sterilized 0.9% NaCI (w/v) solution as 5mg of riboflavin per ml, and injected intraperitoneally to the deficient rats at the concentration of 10 mg per 100g of body weight under light ether anaesthesia, while control rats were injected the sterilized NaCl solution. The regardless of the fact that most of the phospholipids were shown to be synthesized in the endoplasmic reticulum and then transferred into the mitochondria (5, 6).
Fatty acids in mitochondria and microsomes
The composition of fatty acids in the lipids of mitochondria and microsomes was analyzed with six deficient and five control rats of which contents of the phospholipids were determined as shown in Table 1 . The composition of fatty acids of mitochondria and microsomes was similar to the control as shown in Table 2 , but the respective ratio of linoleic and arachidonic acids to the total fatty acids was slightly different. In mitochondria, the ratio of linoleic acid was higher and that of arachidonic acid was slightly lower than those of microsomes respectively.
The change of the fatty acid composition by the deficiency was similar to the total liver lipids of the deficient rats as shown in our previous report (4) , and increase in myristic and linoleic acids and decrease in arachidonic acid were shown in mitochondria and microsomes. The increment in linoleic acid and decrement in arachidonic acid were somehow intensified in microsomes, compared with those of mitochondria.
By intraperitoneal injection of riboflavin to the deficient rats, fatty acid composition was restored to the control, and increase in arachidonic acid and decreases in myristic and linoleic acids were shown. However, arachidonic acid in microsomes and linoleic acid in mitochondria were statistically different from those of control at 60 hours after the injection (Fig. 4) .
Fatty acids in phospholipids
The change in the composition of fatty acids in individual phospholipids was investigated in order to clarify which phospholipid was most affected by the deficiency. Fatty acids in phosphatidylcholine, phosphatidylethanolamine and diphosphatidylglycerol were determined respectively with the lipids of mitochondria and microsomes whose fatty acids have been analyzed above, after separation of the phospholipids by thin layer chromatography.
Palmitic, stearic, oleic, linoleic, arachidonic and docosahexaenoic acids were the principal fatty acids in mitochondrial phosphatidylcholine, and these acids were all affected by the deficiency except oleic and docosahexaenoic acids. Palmitic and linoleic acids were increased by the deficiency, and stearic and arachidonic acids were decreased (Table 3 ). The changes in fatty acid composition of microsomal phosphatidylcholine were similar to those of mitochondria; however stearic acid was not reduced in microsomes.
After supplementation of riboflavin to the deficient rats, the composition of fatty acids of the phosphatidylcholine in mitochondria was restored nearly to the control values at 60 hours after the injection; however the ratio of arachidonic acid to the total fatty acids was statistically different from the control value and a slight increase in oleic acid appeared in mitochondria and microsomes (Fig. 5) . The changes in fatty acid composition in the deficient livers were slight in the phosphatidylethanolamine of mitochondria and microsomes compared with those in phosphatidylcholine. In phosphatidylethanolamine, a statistically significant increase in linoleic acid of mitochondria, and a decrease in arachidonic acid of Significance of difference between the deficient and control is indicated as * (p<0 .01) and ** (p<0 .05). Significance of difference between the deficient and control is indicated as * (p<0.01) and **(p<0.05).
Others are same as listed in Table 2 . microsomes were produced by the deficiency as shown in Table 4 . Fatty acids in diphosphatidylglycerol in the liver mitochondria consisted principally of linoleic and oleic acids. Others were palmitic, palmitoleic, stearic and minor acids. The composition of fatty acids in this phospholipid differed from that of phosphatidylcholine or phosphatidylethanolamine (Tables 3 and 4) , and it M. TANIGUCHI, T. YAMAMOTO, and M. NAKAMURA 6. Incorporation of 32P into subspecies of phosphatidylcholine The composition of fatty acids in phosphatidylcholine was affected remarkably by the deficiency, while the content and the incorporation of 32P were affected slightly (Table 7) . In order to distinguish the effect of the deficiency on the structure . YAMAMOTO, and M. NAKAMURA Table   8 . Table   2 .
IDS OF RIBOFLAVIN-DEFICIENCY 377 7. Fatty acid composition of subspecies of phosphatidylcholine The fatty acid composition of the subspecies of phosphatidylcholine was analyzed with mitochondria and microsomes, since labeling of the subspecies with 32P was variously affected by the deficiency (Table 7 ) . (For fraction 2 which was quantitatively small, the analysis was not carried out.) The composition of fatty acids in each subfraction was similar in the deficient and control animals. The incorporation of 32P into fraction 3 of the phosphatidylcholine of either mitochondria or microsomes was reduced by the deficiency, in which arachidonic acid was found as major unsaturated fatty acid (Tables 8 and 9 ). In fraction 3, the ratio of arachidonic acid to the total fatty acids was higher in the deficient than control, and thus the reduction in arachidonic acid of phosphatidylcholine (Table 3) might be due to the decrease in the amount of the subspecies of fractions 3. The increase in linoleic acid in phosphatidylcholine could be due to increases in fractions 4 and/or 5.
DISCUSSION
A slight increase in the content of phospholipids was observed in the riboflavin deficient liver mitochondria, as expressed in terms of phosphorus in phospholipids per mg of mitochondrial protein. The increase in phospholipids might be partly due to the decrease in protein content of mitochondria. Discontinuities of the outer mitochondrial membrane were demonstrated in the riboflavin-deficient rats, thus increase in the release of protein would be feasible. It was shown by CREMEL et al. (13) that the temperature-dependent intramitochondrial release of protein was affected by fatty acid constituents in the phospholipids of mitochondrial membranes. In their study, the release was slightly increased in the rat liver mitochondria which had been fed a lipid-free diet, and in the liver lipids of those rats, arachidonic acid was lower and oleic acid was higher than the respective fatty acids of the control rats. In our study, it was shown that the ratio of arachidonic acid to total fatty acids was lower and that of linoleic acid was higher than those of the controls respectively. The release of mitochondrial protein of the riboflavin-deficient rats would be affected in the similar way as that of the rats fed the lipid-free diet.
In the liver mitochondria of riboflavin-deficient mice, an increase in phosphatidylcholine and a decrease in diphosphatidylglycerol were reported (3). The differences from our results of a decrease in phosphatidylcholine and no change in diphosphatidylglycerol might be due to the species difference and duration of the deficient diet, 8 weeks for the former and 5 weeks for our study with rats. According to MCMURRAY and DAWSON (6), the distribution of phosphatidyl choline of the rat liver mitochondria was higher in the outer membrane and that of phosphatidylethanolamine was lower in the inner membrane respectively. In our experiments, discontinuities of the outer membrane of mitochondria were observed in the deficient rat liver both in intact cell specimens and isolated preparations; thus the decrease in phosphatidylcholine and the increase in phosphatidylethanolamine produced by the deficiency might be due to a decrease in the constituents of outer membrane.
Fatty acid composition of the lipids was remarkably altered by the riboflavin deficiency in mitochondria and microsomes, and the change was especially intensified in phosphatidylcholine. The distribution of the subspecies of phosphatidylcholine seemed to be changed as the result of alterations in fatty acid composition, and the increase in the subspecies of phosphatidylcholine with mono and dienoic acids and the decrease in that with tetraenoic acid were demonstrated in mitochondria and microsomes by incorporation of 32P. The changes in distribution of subspecies of phosphatidylcholine could bring about the alteration of lipid and protein interactions in mitochondrial membrane, and thus could cause changes in physiological function, such as permeability and binding capacity with ions.
However, alteration in lipid constituent in the membrane alone would not explain the morphological change of mitochondria. Enlarged mitochondria of the riboflavin-deficient mouse started to normalize at 6.5 hours (14) or 12 hours (3) after administration of riboflavin. Though the budding or segmentation of mitochondrial membrane was not shown in this experiment as observed by TANDLER et al. (14) , constriction of mitochondria which suggested division of mitochondria was observed at 20 hours after injection of riboflavin, and the size of mitochondria was nearly normal at 40 hours. The time to recover to the control values of each fatty acid in phospholipids seemed to require a relatively prolonged period comparing with normalization of the mitochondrial structure. The ratio of arachidonic acid to the total fatty acids in phosphatidylcholine of the deficient mitochondria was statistically different from the control at 60 hours after riboflavin injection . The incorporation of 32P into diphosphatidylglycerol of the deficient mitochondria had not recovered to the control value at 40 hours after riboflavin injection (Table 6) . Thus, the change in the mitochondrial structure by riboflavin deficiency would be attributable to various factors such as decrease in electron transfer which was shown in the increase in the ratios of NADH to NAD+ and NADPH to NADP+ (15) , the increased formation of lipid peroxide (16) , which would give a damage on the membrane, and other deteriorations in addition to the alteration in phospholipids of the mitochondrial membrane.
The fatty acid composition was similar in mitochondria and microsomes , but linoleic acid was slightly higher in mitochondria than in microsomes, both in control and deficient rats. Since linoleic acid is a major constituent in diphosphatidylgly T 
